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BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention generally relates to particles composed of a nonconducting core 
coated with a very thin metallic layer, and to methods of using these particles for sensing a 
chemical or biological analyte. More particularly, the invention relates to such particles having 
defined maximum absorption or scattering wavelengths, and, optionally, having one or more 
biomolecules conjugated to the metallic layer. 

Description of Related Art 

It has long been observed that an enormous enhancement of Raman scattering intensities 
is possible from many biologically significant organic molecules when they are adsorbed onto 
roughened silver electrodes or in a solution of aggregating colloid (Fleischmann, M. et al. J. 
Chem. Soc. Commun. 80 (1973); Duff, D.G., et al. Langmuir 9:2301 (1993)). This effect, known 
as surface enhanced Raman scattering (SERS), can yield a Raman spectrum as much as a million 
times stronger than the spectrum of the same molecule in solution. While this approach has been 
popular with Raman spectroscopy using visible excitation, SERS enhancement becomes almost a 
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requirement when a near infrared excitation source is used, as in FT-Raman spectroscopy. 
Although infrared excitation eliminates sample fluorescence, it also results in marked decrease in 
sensitivity, further motivating the need for a sensitization method. Current methods being used 
for SERS enhancement of near infrared FT-Raman spectroscopy are frequently plagued by 
difficult substrate preparation, poor reproducibility, sensitivity to contamination, or limited 
suitability for in vivo use. 

The SERS effect is primarily related to the field strength near the surface of the substrate 
upon illumination, whether the substrate is a roughened metal surface or an aggregate of metallic 
nanoparticles. The strongest field enhancement is obtainable at the plasmon resonance of the 
metal substrate or particle. It is for this reason that gold colloid (plasmon resonance = 520 nm) is 
such an efficient SERS enhancer under visible Raman excitation (typically with an argon ion 
laser at 514 nm). This resonance coincides with the absorption maximum of hemoglobin (Gordy, 
E. et al. J. Biol Chem. 227:285-299 (1957)), however, which significantly restricts the use of 
visible excitation Raman spectroscopy on biological systems. 

The idea of exploiting SERS in biosensing applications has been pursued using other 
strategies for quite some time. Previous workers have used SERS to measure binding between 
biological molecules of mutual affinity, including antibody-antigen interactions (Rohr, T.E., et al. 
Anal Biochem. 182:388-398 (1989)). The approach in that study included the use of an avidin- 
coated silver film as substrate and dye-antibody conjugates to optimally enhance the SERS 
effect. Although that method was used in a successful sandwich immunoassay, the use of a 
microscopic silver substrate and the necessity for conjugation of the biomolecules with specific 
(carcinogenic) chromophores for resonance Raman detection severely limits the adaptability of 
that approach. 

U.S. Pat. No. 5,567,628 (Tarcha et al.) describes an immunoassay method for performing 
surface enhanced Raman spectroscopy. Various substrates are described, including solid 
particles of gold or silver. U.S. Patent 5,869,346 (Xiaoming et al) describes an apparatus and 
method for measuring surface-sensitized Raman scattering by an antigen-antibody complex 
adsorbed to solid gold, silver or copper particles. 

Optical glucose monitoring is one example of an extremely important and active field of 
research. The goal of this research is to provide a noninvasive method of monitoring and more 
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optimally managing diabetes, a disease that affects millions of people worldwide. A variety of 
approaches are currently being pursued, including near- and mid-infrared spectroscopy, 
photoacoustic spectroscopy, polarimetry, diffuse light scattering, and Raman spectroscopy 
(Waynant, R.W., et al. IEEE-LEOS Newsletter 12:3-6 (1998)). In comparison to the other 
approaches in use, Raman spectroscopy with near infrared excitation offers the unique ability to 
discriminate between spectra from different analytes even when signals are small. Raman 
spectroscopy is the only all-optical technique currently under consideration in which the entire 
spectral signature of a chemical species can be obtained. The spectral signature is not obscured 
by water, and the significant penetration depth achieved with near-IR excitation (>1 mm) 
facilitates a variety of in vivo monitoring approaches. Raman spectroscopic measurements of 
glucose in human blood serum and ocular aqueous humor (using both conventional Raman and 
stimulated Raman gain spectroscopy) have also been reported (Wicksted, J.P., et al. App. 
Spectroscopy 49:987-993 (1995); and U.S. Pat. No. 5,243,983 issued to Tarr et al). Since near 
infrared excitation results in a dramatic decrease in sensitivity relative to visible Raman 
excitation, the most outstanding current limitation to Raman-based glucose monitoring is the lack 
of sensitivity. This results in the necessity of long data collection times and multivariate analysis 
techniques for signal extraction. 

The use of gold colloid in biological applications began in 1971, when Faulk and Taylor 
invented the immunogold staining procedure. Since that time, the labeling of targeting 
molecules, especially proteins, with gold nanoparticles has revolutionized the visualization of 
cellular or tissue components by electron microscopy (M.A. Hayat, ed. Colloidal Gold: 
Principles, Methods and Applications Academic Press, San Diego, CA 1989). The optical and 
electron beam contrast qualities of gold colloid have provided excellent detection qualities for 
such techniques as immunoblotting, flow cytometry and hybridization assays. Conjugation 
protocols exist for the labeling of a broad range of biomolecules with gold colloid, such as 
protein A, avidin, streptavidin, glucose oxidase, horseradish peroxidase and IgG (M.A. Kerr et 
al., eds. Immunochemistry Labfax BIOS Scientific Publishers, Ltd., Oxford, U.K. 1994). 

. Metal nanoshells are a new type of "nanoparticle" composed of a non-conducting, 
semiconductor or dielectric core coated with an ultrathin metallic layer. As more fully described 
in co-pending U.S. Patent Application No. 09/038,377, metal nanoshells manifest physical 
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properties that are truly unique. For example, it has been discovered that metal nanoshells 
possess attractive optical properties similar to metal colloids, i.e., a strong optical absorption and 
an extremely large and fast third-order nonlinear optical (NLO) polarizability associated with 
their plasmon resonance. At resonance, dilute solutions of conventional gold colloid possess 
some of the strongest electronic NLO susceptibilities of any known substance. (Hache, F. et al. 
App. Phys. 47:347-357 (1988)) However, unlike simple metal colloids, the plasmon resonance 
frequency of metal nanoshells depends on the relative size of the nanoparticle core and the 
thickness of the metallic shell (Neeves, A.E. et al. J. Opt. Soc. Am. 56:787 (1989); and Kreibig, 
U. et al. Optical Properties of Metal Clusters, Springer, New York (1995)). The relative 
thickness or depth of each particle's constituent layers determines the wavelength of its 
absorption. Hence, by adjusting the relative core and shell thicknesses, and choice of materials, 
metal nanoshells can be fabricated that will absorb or scatter light at any wavelength across much 
of the ultraviolet, visible and infrared range of the electromagnetic spectrum. Whether the 
particle functions as an absorber or a scatterer of incident radiation depends on the ratio of the 
particle diameter to the wavelength of the incident light. What is highly desirable in the 
biomedical field are better, more sensitive devices and methods for performing in vivo sensing of 
chemical or biological analytes. Also desired are easier, more rapid and more sensitive methods 
and reagents for conducting in vitro assays for analytes such as autoantibodies, antiviral or 
antibacterial antibodies, serum protein antigens, cytokines, hormones, drugs, and the like. 

SUMMARY OF THE INVENTION 

Methods of in vitro and in vivo sensing of chemical or biochemical analytes employing 
SERS enhanced Raman spectroscopy are provided. Special metal coated particles ("metal 
nanoshells"), with or without conjugated biomolecules, and having diameters ranging from a few 
nanometers up to about 5 microns and defined wavelength absorbance or scattering maxima 
across the ultraviolet to infrared range of the electromagnetic spectrum are employed in the 
methods and compositions of the present invention. 

One aspect of the invention provides a composition useful for biosensing applications. In 
certain embodiments, the composition comprises a plurality of particles and a support. In some 
embodiments the support comprises a medium such as a hydrogel matrix. In other embodiments 
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the support comprises a substrate on which the particles are arrayed. Each particle comprises a 
non-conducting core having an independently defined radius and a metal shell adhering to the 
core and having an independently defined thickness. The terms "independently defined radius" 
and "independently defined thickness" mean that the desired thickness of each of the shell and 
core can be chosen and formed without dictating or requiring a certain thickness of the other. 
Each particle has a defined core radius : shell thickness ratio, a defined absorbance or scattering 
maximum wavelength (when measured in the same medium) in the ultraviolet to infrared range 
of the electromagnetic spectrum. The particle also has a surface capable of inducing surface 
enhanced Raman scattering, and, optionally one or more biomolecules conjugated to the particle 
surface. In some embodiments, a reporter molecule is conjugated to the shell or to the 
biomolecule. A reporter molecule could be an enzyme, a dye molecule, a Raman sensitive 
chemical, or the like. In some embodiments the conjugated biomolecule or the shell surface 
itself has an affinity for the analyte, causing at least some analyte molecules to adsorb or closely 
associate with the surface of the particle (e.g., localize within about 50-100 nm of the particle's 
surface, and preferably within about 10-20 nm of the surface). In some embodiments the 
support, or a portion of the support, has an affinity for the analyte sufficient to cause it to 
similarly localize near the surface of the particles. In certain preferred embodiments of the 
composition, the particles and the medium are in the form of a matrix such as a hydrogel that is 
permeable to an analyte of interest. Another aspect of the invention provides methods of making 
an optically tuned nanoshell especially for use in biosensing applications. The term "optically 
tuned nanoshell" means that the particle has been fabricated in such a way that it has a 
predetermined or defined shell thickness, a defined core thickness and core radius:shell thickness 
ratio, and that the wavelength at which the particle significantly, or preferably substantially 
maximally absorbs or scatters light is a desired, preselected value. For example, the selected 
wavelength of significant absorbance may correspond to an absorbance maximum (peak), or it 
may correspond to any strongly absorbed wavelength that falls on the "shoulder" of an 
absorbance peak, or the selected wavelength may fall within a strongly absorbing plateau region 
of the particle's absorbance spectral curve. It should be understood that the term "maximum 
absorbance" also includes this meaning, whenever the context applies. The particle's wavelength 
of significant absorbance may be chosen to substantially match a certain laser peak wavelength. 
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A preferred embodiment of this method includes selecting the desired wavelength of light (X max ) 
at which light of a selected wavelength will be significantly absorbed or scattered by the particle. 
A non-conducting core of radius Rc is formed, and then a metal shell is grown or deposited onto 
the core, the final shell having a thickness T s . This method also includes controlling the ratio of 
Rc : T s such that the wavelength of light maximally absorbed or scattered by the particle is 
approximately X max in the UV to infrared range of the electromagnetic spectrum. In some 
embodiments, one or more analyte specific molecules, which may be a biomolecule such as an 
antibody, an antigen or an enzyme are conjugated to the shell. In certain embodiments a reporter 
molecule is instead or additionally conjugated to the shell or to the analyte specific molecule. 
The selected A, max preferably corresponds to the desired wavelength of the incident light that is to 
be employed when the nanoshells are used in a particular biosensing application. 

Yet another aspect of the invention provides an in vitro method of assaying a biological 
analyte in a sample (e.g., blood, serum, or other body fluid). For example, the biological analyte 
could be a chemical or a biomolecule, such as proteins (e.g., antibodies, antigens and enzymes), 
peptides, oligonucleotides and polysaccharides, or a conjugate thereof. 

According to certain embodiments, the in vitro assay method includes selecting one or 
more optically tuned nanoshells with an absorption or scattering maximum wavelength that 
substantially matches the wavelength of a desired source of electromagnetic radiation. In some 
embodiments the chosen nanoshells include one or more conjugated biomolecules. The method 
also includes associating the nanoshells with one or more molecules of the desired analyte 
contained in the sample such that an analyte/nanoshell complex is formed. In certain 
embodiments the method includes associating the nanoshells with a reporter molecule, in which 
case a reporter/analyte/nanoshell complex is formed. Either complex is capable of producing a 
Raman signal upon irradiation by the selected source. Preferably the source is in the near-IR 
range of the electromagnetic spectrum. The method further includes irradiating the complex with 
incident electromagnetic radiation at the predetermined wavelength so that surface enhanced 
Raman scattering is induced. A Raman scattering signal from the complex is detected and the 
signal is correlated to the presence and/or amount of the analyte in the biological sample. In 
preferred embodiments a SERS signal is also detected in the near-infrared range. A major 
advantage of the nanoshell biosensing technology of the present invention is that the need for 
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indicator enzymes in many types of bioassays is obviated, which allows analysis of biological 
samples with little or no prior purification steps. Because a strong SERS signal from molecules 
right at the surface of the nanoshells can be obtained, other "contaminating" molecules in the 
unpurified or bulk sample, such as serum or whole blood, do not interfere with spectral response 
measurements of the molecule of interest. 

In a further aspect of the present invention, a kit is provided for conducting nanoshell- 
based immunosorbent assays. These assays may be of the sandwich-type, direct- or indirect- 
types, analogous to the respective conventional immunosorbant assays. In one embodiment, the 
kit includes a quantity of a first antibody-nanoshell conjugate, and, optionally, a quantity of a 
control antigen having affinity for binding to the first antibody. This kit may also optionally 
include a quantity of a secondary antibody that has affinity for binding to an antigen-first 
antibody-nanoshell conjugate. In some embodiments a reporter molecule is bound to the second 
antibody. The nanoshells in the kit comprise a non-conducting core having an independently 
defined radius, a metal shell adhering to said core and having an independently defined thickness 
a defined core radiusishell thickness ratio, a defined absorbance wavelength, maximum in the 
ultraviolet to infrared range, and a surface capable of inducing surface enhanced Raman 
scattering. 

A further aspect of the present invention provides an in vivo method of monitoring a 
biological analyte. A preferred embodiment of this method comprises introducing a quantity of 
optically tuned metal nanoshell particles into a subject at a desired biosensing site in the body. In 
certain embodiments the site is internally accessible to an analyte of interest and is accessible to 
externally applied electromagnetic radiation. In other embodiments the site is accessible to the 
analyte and is also irradiated via an internally placed light source, as in a totally implantable 
system, for example. The particles are optically tuned such that the wavelength of light that is 
maximally absorbed or scattered by the particles substantially matches the wavelength of light 
emitted from a predetermined source of electromagnetic radiation in the ultraviolet to infrared 
range. For example, the average peak wavelength of a group of particles could be within about 
10-15 nm of the 1064 nm wavelength of a Nd:Yag laser. Preferred embodiments of the method 
include selecting a source of electromagnetic radiation emitting light at a wavelength that 
matches said maximally absorbed or scattered wavelength. In certain embodiments the particles 
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have an affinity for the analyte, and in some embodiments include a reporter molecule, which in 
certain embodiments contains a Raman active functional group. The method also includes 
externally applying radiation to the particles and any analyte molecules associated with the 
particles so that a SERS signal is produced. The method includes evaluating the signal and 
correlating a signal evaluation with the presence and/or amount of the analyte at the biosensing 
site. 

Certain embodiments of the in vivo method of monitoring a biological analyte includes 
fabricating a quantity of optically tuned particles such that the wavelength of light that is 
maximally absorbed or scattered by said particles substantially matches the wavelength of light 
emitted from a predetermined source of ultraviolet-infrared electromagnetic radiation. 

In accordance with still another aspect of the invention, a particle for biosensing 
applications is provided. The particle, also referred to as a metal nanoshell, comprises a non- 
conducting or dielectric core having an independently defined radius, a metal shell closely 
adhering to the core and having an independently defined thickness, and a defined core radius to 
shell thickness ratio. The particle also has a defined or predetermined wavelength absorbance or 
scattering maximum in the 300 nm to 20 ^m range of the electromagnetic spectrum. In some 
embodiments the defined wavelength absorbance or scattering maximum is in the near-infrared 
range. In some embodiments, the maximum absorbance wavelength of the particle is set at about 
800-1,300 nm or about 1,600-1,850 nm. In certain preferred embodiments, the particle has a 
wavelength maximum that substantially matches the peak wavelength of a given source of 
electromagnetic radiation and has a surface that is capable of inducing surface enhanced Raman 
scattering. In certain embodiments the metal shell has a surface with an affinity for associating 
analyte molecules. 

In some embodiments of the particle of the invention, the particle has one or more analyte 
binding molecules conjugated to the metal shell surface. In certain embodiments the analyte 
binding molecule is a biomolecule, such as a protein, polypeptide, oligonucleotide or 
polysaccharide. In some embodiments the analyte binding molecule is a mixture of species of 
biomolecules conjugated to the shell. In certain embodiments the biomolecule is glucose oxidase 
and the analyte is glucose, and in certain other embodiments the biomolecule is an antibody and 
the analyte is a target antigen for the antibody. In certain preferred embodiments the shell 
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comprises gold or silver, and the core comprises a material such as silicon dioxide, gold sulfide, 
titanium dioxide, polymethyl methacrylate (PMMA), polystyrene or a macromolecule such as a 
dendrimer. A preferred embodiment of the particle of the invention, especially suited for use in 
biosensing, has a gold shell and a silicon dioxide core. Other preferred nanoshells have a silver 
shell and a silicon dioxide core. The diameter of some of these particles is up to about 5 Jim, 
with the core diameter being about 1 nm to nearly 5 |im, and the shell thickness being about 1- 
100 nm. In certain of the more preferred embodiments, the core is between 1 nm and 2 |im in 
diameter and the shell is less than 40 nm thick. In this embodiment, the shell is linked to the core 
through a linker molecule, and the particle has a wavelength of maximum absorbance or 
scattering between 300 nm and 20 nm. In some embodiments the particle is about 210 nm in 
diameter, has a core radius of about 100 nm , a shell thickness of about 10 nm, a core radius: shell 
thickness of about 10:1, and a maximum absorbance wavelength (Xmax) of about 1064 (SD ± 10 
nm), substantially matching the 1064 nm (peak) Nd:YAG source as used in a FT-Raman laser 
spectrometer. Preferred embodiments of the particle of the invention have a gold shell or silver 
shell. Preferred embodiments of the particle have a core that comprises silicon dioxide, gold 
sulfide, titanium dioxide, polymethyl methacrylate (PMMA), polystyrene and macromolecules 
such as dendrimers. In another aspect of the invention, a chemical sensing device comprising 
certain of the above-described particles is provided. The chemical sensing device may be, for 
example, an all-optical sensor employing suitably designed nanoshells and SERS spectroscopy to 
detect and quantify a drug or a plasma protein such as a particular anti-viral or anti-bacterial 
antibody or a given cytokine. 

Still other embodiments, features and advantages of the present invention will be apparent 
in the drawings and description that follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a graph showing calculated optical resonances of metal nanoshells having a 
silica core and a gold shell (suspended in water) over a range of core radius : shell thickness 
ratios. 

Figure 2 is a graph showing calculated optical resonance wavelength versus the ratio of 
core radius to shell thickness for metal nanoshells having a silica core and gold shell (in water). 
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Figure 3 depict transmission electron microscope images of silica core/gold shell 
nanoshells during shell growth. 

Figure 4A is a graph showing growth of gold shells on 120 nm diameter silica 
nanoparticles. 

Figure 4B is similar to Figure 4A except that it shows the growth of gold shell on 340 nm 
silica particles. 

Figure 5 is a graph showing SERS enhancement of mercaptoaniline with silica/gold 
nanoshells. The upper line (a) s the spectrum of 10-5% mercaptoaniline combined with the 
silica/gold nanoshells. The lower line (b) is the background Raman spectrum of the 120 nm 
diameter nanoshells only. 

Figure 6 is a graph showing glucose oxidase activity of GO-conjugated gold nanoshells 
over a 7 hr. period at pH 4.5 to 7. 

Figures 7A-B are conceptual illustrations of glucose sensing gold nanoshells. Figure 7A 
depicts a glucose sensor consisting of gold nanoshells (unfunctionalized) embedded in a glucose- 
permeable membrane or matrix. Figure 7B. depicts a glucose sensor consisting of glucose 
oxidase-nanoshell conjugates embedded in glucose permeable membrane. 

Figures 8A-C conceptually illustrate an ELISA test that is modified by directly linking the 
initial antibodies to nanoshells instead of attaching to a typical macroscopic support. Figure 8 A 
shows an antibody-nanoshell conjugate prior to assay. Figure 8B shows an antibody-nanoshell 
conjugate after presentation to antigen analyte. Figure 8C shows the nanoshell analog of the 
ELISA final sandwich immunoassay step, where, optionally, enzyme-linked antibodies are bound 
to the antigen-antibody complexes. 

Figures 9A-C are graphs showing surface enhanced Raman scattering of 
dimethylaminoazobenzene labeled-IgG (DAB-IgG) conjugated nanoshells in biological samples. 
Figure 9A shows Raman intensity vs Raman shift (cm" 1 ) for a sample of DAB-IgG conjugated 
nanoshells suspended in phosphate buffered saline (PBS). Figure 9B is a similar graph for a 
sample suspended in fetal bovine serum (FBS), and Figure 9C is a similar graph for a sample 
suspended in whole blood. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Metal Nanoshells 



120841.01/1789.00000 



10 



The metal nanoshells fabricated as described in co-pending U.S. Pat. App. 09/038,377 provide 
the functional structures that are the foundation of the preferred biosensing applications disclosed 
herein. Generally, assembly occurs by way of the following steps. First, core particles are grown 
or otherwise obtained. Next, a linker molecule is bound to the core. Then, clusters of molecules 
that comprise the conducting shell layer are reacted with a free reactive end on the linker 
molecules. These clusters may complete the shell layer or form nucleation sites for the growth of 
a complete shell layer around the core. 

Generally, metal is deposited onto the tethered clusters and enlarges the clusters until a coherent 
metal shell of the desired thickness is formed. The metal can be deposited through reduction 
process of solution metal onto the tethered clusters. Alternatively, metal can be deposited on the 
tethered metal clusters by a "colloid-based" deposition process. The deposition can also be 
initiated or driven photochemically. The technique of depositing metal onto metal nucleation 
sites tethered to nonconducting core materials in solution is one of the novel features of the 
present methods. 

The nanoshells employed for biosensing are preferably particles that range in diameter up to 
several microns, have a dielectric core, a metallic coating or shell, and a defined core radius: 
shell thickness ratio. Core diameters of the biosensing nanoshells range from about 1 nm to 4 
Hin or more, and shell thickness ranging from about 1 to 100 nm. For any given core and shell 
materials, the maximum absorbance or scattering wavelength of the particle depends upon the 
ratio of the thickness (i.e., radius) of the core to the thickness of the shell. Based on the core 
radius to shell thickness (core: shell) ratios that are achieved by the referenced synthesis method, 
nanoshells manifesting plasmon resonances extending from the visible region to approximately 5 
|im in the infrared can be readily fabricated. The visible and near-infrared regions of the 
electromagnetic spectrum are of special interest for biological analysis or sensing applications. 
By varying the conditions of the metal deposition reaction, the ratio of the thickness of the metal 
shell to the nonconducting inner layer can be varied in a predictable and controlled way. 
Particles can be constructed with metallic shell layer to core layer radius with ratios from 10 to 
10-3. This large ratio range coupled with control over the core size results in a particle that has a 
large, frequency-agile absorbance over most of the visible and infrared regions of the spectrum. 
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Figure 1 shows calculated gold nanoshell plasmon resonances for particles of increasing core 
radius:shell thickness ratio. A Mie scattering calculation of the nanoshell plasmon resonance 
wavelength shift is depicted as a function of nanoshell composition for a nanoshell comprising 
gold layer deposited on a silica core. In this Figure, the core and shell of the nanoparticles are 
depicted to relative scale directly beneath their corresponding optical resonances. In Figure 2, a 
plot of the core radius to shell thickness (core:shell) ratio versus resonance wavelength for a gold 
shell/silica core nanoparticle is displayed. By varying the conditions of the metal deposition 
reaction, the ratio of the thickness of the metal shell to the core radius is varied in a predictable 
and controlled way. Accordingly, particles can be constructed with core radius to shell thickness 
ratios ranging from about 2 to 1000. This large ratio range, coupled with control over the core 
size results in a particle that has a large, frequency-agile absorbance over most of the UV, visible 
and infrared regions of the spectrum. 

By comparison, the shifts induced in the plasmon resonance of gold colloid by adsorption 
of molecular species are quite small, typically 10 nm or less. (Kreibig, U. et al. Optical Properties 
* of Metal Clusters, Springer, New York (1995)) The nonlinear optical (NLO) properties of metal 
nanoshells or nanoshells-constituent materials can be resonantly enhanced by judicious 
placement of the plasmon resonance at or near the optical wavelengths of interest. Thus, metal 
nanoshells demonstrate clear potential for optical device applications in the near infrared region, 
a wavelength range of critical technological importance. The agile "tunability" of the plasmon 
resonance is a property completely unique to metal nanoshells. In no other molecular or 
nanoparticle structure can the resonance of the optical absorption and NLO properties be 
systematically designed over such an extremely wide range of wavelengths. 

Averitt, R.D. et al. {Phys. Rev. Lett. 78: 4217-4220 (1997)) investigated the optical 
properties of certain gold-terminated gold sulfide nanoparticles in detail. Quantitative agreement 
between the Mie scattering theory of Figure 1 and the optical absorption in the Au/Au 2 S 
nanoparticles was achieved. As described in 09/038,377, a more generalized method for the 
growth of a uniform metallic layer of nanometer scale thickness onto a dielectric core has been 
developed. Also, see Oldenburg, SJ. et al. Chem. Phys. Lett 288:243-247 (1998). Briefly 
described, a preferred process includes growing or obtaining dielectric or semiconductor 
nanoparticles dispersed in solution. Very small (i.e., 1-2 nm) metal "seed" colloid is attached to 
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the surface of the nanoparticles by molecular linkages. These seed colloids cover the dielectric 
nanoparticle surfaces with a discontinuous metal colloid layer. Additional metal is then grown 
onto the "seed" metal colloid adsorbates by chemical reduction in solution. 

This approach has been successfully used to grow both gold and silver metallic shells 
onto silica nanoparticles. Various stages in the growth of a gold metallic shell onto a 
functionalized silica nanoparticle are shown in Figure 3. The term "functionalized" refers to a 
linker molecule and the gold colloid attached to the linker. Figure 3 depicts transmission 
electron microscope images of silica core/gold shell nanoshells during shell growth. The relative 
length of 20 nm is shown below the images. 

Figures 4A-B are graphs showing the optical signature of nanoshell coalescence and growth for 
two different nanoshell core diameters. Figure 4A shows growth of gold shell on 120 nm 
diameter silica nanoparticles. The lower spectral curves follow the evolution of the optical 
absorption as coalescence of the gold layer progresses. Once the shell is complete, the peak 
absorbance is shifted to shorter wavelengths. Specifically, the particles 1 absorbance maximum is 
related to the ratio of the thickness of the inner nonconducting layer to the thickness of the outer 
conducting layer. Corresponding theoretical peaks are plotted with dashed lines. Figure 4B 
shows the growth of gold shell on 340 nm silica particles. Here the peak shifts are more 
pronounced, with only the shoulder of the middle curve visible in the range of the instrument 
employed in the test. Growth of metal nanoshells by this method takes just a few seconds and 
the yields obtained are greater than 98%. Nanoshells can be easily embedded into films or 
matrix materials and are stable in a wide range of organic and aqueous solvents. 

Although in preferred embodiments the nanoshell particles are spherical in shape, the 
core may have other shapes such as cubic, cylindrical or hemispherical. Regardless of the 
geometry of the core, it is preferred that the particles be homogenous in size and shape in 
preferred embodiments. Preferably compositions comprising a plurality of metal nanoshells 
contain particles of substantially uniform diameter ranging up to several microns, depending 
upon the desired absorbance maximum of the particles. For example, monodisperse colloidal 
silica core particles can be produced by the base catalyzed reaction of tetraalkoxysilanes, by 
techniques known well to those of skill in the art. Alternatively, suitable silica particles are 
readily available from known commercial sources. Nearly spherical silica cores having sizes 
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ranging from 10 nm to greater than 4 with a variation in particle diameter of only a few 
percent are preferred. 

Suitable dielectric core materials include, but are not limited to, silicon dioxide, gold 
sulfide, titanium dioxide, polymethyl methacrylate (PMMA), polystyrene, and macromolecules 
such as dendrimers. The material of the nonconducting layer influences the properties of the 
particle. For example, if the dielectric constant of the shell layer is larger relative to a particle 
having a core with a given dielectric constant, the absorbance maximum of the particle will be 
blue-shifted relative to a particle having a core with a lower dielectric constant. The core may 
also be a combination or a layered combination of dielectric materials such as those listed above. 

Suitable metals for forming the shell or outer layer include the noble and coinage metals, 
but other electrically conductive metals may also be employed, the particular choice depending 
upon the desired use. Metals that are particularly well suited for use in shells include but are not 
limited to gold, silver, copper, platinum, palladium, lead, iron or the like. Gold and silver are 
preferred. Alloys or non-homogenous mixtures of such metals may also be used. The shell layer 
is preferably about 1 to 100 nm thick and coats the outer surface of the core uniformly, or it may 
partially coat the core with atomic or molecular clusters. 

Example 1. Surface Enhanced Raman Scattering (SERS) Using Metal Nanoshells 

Since metal nanoshells have a plasmon resonance that is designed into the particle by 
adjusting the particle corershell ratio, their plasmon resonance can be shifted during growth of 
the shell to coincide with the excitation wavelengths of near infrared laser sources, such as the 
1064 nm Nd:YAG source used in a FT-Raman laser spectrometer. 

In a series of recent experiments, the SERS enhancement properties of metal nanoshells 
were investigated (Oldenburg, S.J. et al. 1 Chem. Phys, 111:4729-4735 (1999), incorporated in 
its entirety herein by reference). The nanoshell plasmon resonance was placed at nominally 900 
nm, so that the shoulder of the plasmon peak overlapped with the Raman excitation wavelength. 
Figure 5 shows the SERS enhancement observed in this study for the molecule mercaptoaniline. 
An enhancement of 600,000 in the Raman signal was observed. In this case, the strong 
interaction between mercaptoaniline and the gold nanoshell surface results in a (likely covalent) 
binding of these molecules to the nanoparticle surfaces. The observed enhancement saturated at 
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a mercaptoaniline concentration corresponding to monolayer coverage of the nanoshell surfaces, 
confirming that the Raman enhancement is indeed a local nanoparticle surface effect. In this 
study there was no contribution to the nanoshell SERS enhancement from nanoparticle 
aggregation, as no particle aggregation was detected. The observed SERS enhancement was due 
entirely to contributions from nonaggregated nanoshells dispersed in solution. It is advantageous 
to exploit this effect in biosensor design when possible. The metal nanoshells and conjugated 
nanoshells described herein provide a unique and wider array of SERS enhancing particles than 
the A11/AU2S particles employed in that study. 

Example 2. Bioconjugation of Gold Nanoparticles/Nanoshells 

Because the reduction of the outer metal layer of gold nanoshells is accomplished using 
the same chemical reaction as gold colloid synthesis, the surfaces of gold nanoshells are likely to 
be virtually chemically identical to the surfaces of the gold nanoparticles universally employed in 
conventional bioconjugate applications. Existing conjugation protocols for the labeling of a 
broad range of biomolecules with gold colloid (e.g., protein A, avidin, streptavidin, glucose 
oxidase, horseradish peroxidase and IgG) (M.A. Kerr et al., eds. Immunochemistry Labfax BIOS 
Scientific Publishers, Ltd., Oxford, U.K. 1994) will be directly repeatable or easily adaptable for 
use with gold nanoshells. Similar conjugation techniques are also expected to be readily 
adaptable for conjugation of nanoshells comprising other core materials. In one set of 
experiments, attachment of glucose oxidase (GO) to 150 nm diameter gold nanoshells was 
accomplished following a published protocol for gold colloid conjugation (Chen, X.-Y. et al. 
Biochem. Biophys. Res. Comm. 245:352-355 (1998)). Subsequently, the activity of the GO- 
nanoshell conjugate was monitored using conventional techniques. Attachment by adsorption 
proved successful over a range of pH values. Unlike parallel studies using citrate-stabilized gold 
colloid where pH-dependent flocculation occurred over the time span of several hours, no 
flocculation of the GO-nanoshell complex was observed over a time span of several days. 
Following repeated centrifugation, the activity of the GO-nanoshell complex was monitored in 
the presence of glucose solution using standard optical detection (Indigo Carmine-H 2 02 redox 
pair). The relative pH-dependent activity of GO conjugated nanoshells is shown in Figure 6. 
Other biomolecules may be conjugated to the metal nanoshells in a similar manner. 
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Example 3. Gold Nanoshell-Based Biosensors 

A preferred biosensing strategy combines the enormous SERS enhancements provided by 
metal nanoshells with the facile bioconjugation capabilities of gold nanoshell surfaces. This 
combination provides a highly sensitive, high information density spectral probe suitable for 
monitoring specific biochemical processes of physiological importance. Visible light is not 
suitable for in vivo optical monitoring due to its absorption by hemoglobin. Ultraviolet light is 
also not suitable due to the potential for photochemical transformation of proteins and DNA. 
Raman scattering in the near infrared, enhanced by the gold nanoshell plasmon resonance, lacks 
these disadvantages and is predicted by the inventors to facilitate the same demonstrated SERS 
sensitivity in regions of high physiological transmissivity, such as the "water windows" of 800- 
1,300 nm and 1,600-1,850 nm (Anderson, R.R. et al. Invest. Dermatol. 77:13-19 (1981); and 
Duck. F.A., Physical Properties of Tissue: A Comprehensive Reference Book, Academic Press, 
San Diego, CA (1990)). The core : shell ratio of the nanoshells is selected such that the desired 
absorption or scattering maximum corresponds to the desired incidence wavelength to be used in 
SERS spectroscopic measurement of a particular analyte. This design feature makes gold 
nanoshells uniquely suited as a microscopic biosensing substrate for all-optical in vitro and in 
vivo sensing applications. Using metal nanoshell resonant substrates to enhance the SERS signal 
eliminates the need for macroscopic metal substrates as well as resonance-conjugation of 
biomolecules for many SERS active analytes. However, biomolecules and/or reporter molecules 
may be conjugated to the nanoshell to enhance SERS detection and quantification, if desired. 

It can be readily appreciated that the nanoshell particle diameter, the shell thickness, core 
thickness, and the core : shell ratio of the nanoshells may be selected in similar fashion such that 
a desired absorption maximum is obtained in the resulting nanoshells, and which corresponds to 
a desired wavelength for measuring a particular analyte in the ultraviolet, visible or near-infrared 
range of the electromagnetic spectrum. 

Example 4. All-Optical in vivo Glucose Sensing 

Optical glucose sensing is aimed at providing a noninvasive way of monitoring blood 
glucose levels. Such a technique would be useful in managing diabetes, a disease that affects 
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millions of people worldwide. In comparison to the other approaches in use today for in vivo 
glucose measurement, Raman spectroscopy with near infrared excitation offers the unique ability 
to discriminate between spectra from different analytes even when signals are small. Metal 
nanoshell-based glucose sensing overcomes the major limitation of existing Raman-based 
glucose monitoring systems by greatly improving the sensing sensitivity. The need for long data 
collection times and multivariate analysis techniques for signal extraction is obviated by 
employing nanoshell biosensors. Nanoshell based Raman glucose monitoring relies on the use of 
metal nanoshells to provide a strongly SERS-enhanced glucose signal under near infrared 
excitation. If desired, a glucose binding biomolecule and/or a SERS active reporter molecule may 
be conjugated to the nanoshell to enhance SERS detection and quantification. It is preferred to 
fabricate the shell and core thickness such that the plasmon resonance of the nanoshells matches 
the wavelength of the excitation laser used for SERS sensing. In this way a spectrum of the 
inelastically scattered light is obtained. 

Although glucose is described in the present example, it should be understood that any 
other biological analyte, particularly those that give a strong Raman signal, may be analyzed 
similarly. The glucose sensor shown in Figure 7A includes nanoshells dispersed in a gel from 
which the glucose Raman signal of glucose molecules adjacent to the sensors can be directly 
monitored. One such glucose sensor comprises gold nanoshells (unconjugated) embedded in a 
glucose-permeable membrane or matrix, such as a hydrogel. The nanoshells are preferably 
fabricated with plasmon resonances corresponding to the Raman excitation laser wavelength. 
Embedding the nanoshells in a hydrogel matrix is often needed in order to reduce the immune 
response to the bioconjugate nanoshells and to prevent phagocytosis or migration of the 
nanoshells. A preferred hydrogel is formed from polyethylene glycol diacrylate (PEGDA), 
although other suitable hydrogel materials could be used instead. The suitability of a particular 
hydrogel can be evaluated by performing Raman studies on samples of hydrogel-embedded 
nanoshells to determine the sensitivity to the chemical species of interest. In this way the best 
performing candidate hydrogel matrices for a given application may be selected. 

PEGDA is one material that has been shown to have excellent properties for in vivo use 
and to be highly permeable to glucose (Hill, R.S. et al. Ann. N.Y. Acad. Sci 831:332-343 (1997); 
and Quinn, CP. et al. Biomaterials 16:389-396 (1995)). PEGDA hydrogels have been utilized in 
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a number of biomaterials applications, including immunoisolation of glucose-responsive 
pancreatic islet cells and as a glucose-permeable coating for a redox-based glucose sensor. 
PEGDA hydrogels can be formed into thin coatings (2-100 ^m) via a process called interfacial 
polymerization (Hill-West, J.L. et al. Natl Acad. Set USA 91:5967-5971 (1994)). This allows 
the creation of very thin, nanoshell-containing hydrogels subcutaneously in situ via an entirely 
injectable system. Following the injection-based implantation of the biosensing material, glucose 
monitoring is entirely noninvasive, assessed optically across the skin. Although preferred for 
many biosensing applications, it is not necessary in all applications to embed the nanoshells in a 
hydrogel in order to avoid migration of the biosensor particles or other problems. For example, 
the nanoshells could be deposited or arrayed on a thin film or some other type of implantable 
substrate. 

An alternative approach for using nanoshells in biosensing is shown conceptually in 
Figure 7B, which depicts a glucose sensor consisting of functionalized nanoshells, e.g., glucose 
oxidase-nanoshell conjugates. The conjugated nanoshells are preferably embedded in a glucose 
permeable membrane, as described above. In this case, the metal nanoshells have been 
conjugated with the enzyme glucose oxidase prior to dispersal in a hydrogel, or hydrogel 
precursors, and implantation into a subject. In addition to the spectral signal of adjacent glucose 
molecules, a variety of other spectral features are available for optical monitoring. For example, 
conformational changes in glucose oxidase upon glucose binding, or the products of glucose 
oxidation, gluconic acid and H2O2 may be monitored. Because bioconjugation of the nanoshells 
presents several alternative sensing options, the opportunity exists to build redundancies into the 
monitoring system to either simplify or accelerate the signal analysis following data acquisition. 

One type of glucose sensing system includes first assessing in vitro the Raman signals 
from glucose, to determine the SERS enhancements obtained with resonant nanoshells under 
"ideal" conditions. Binding assays with bicinchoninic acid (BCA) assays of bioconjugate 
nanoshells are then performed to evaluate total protein adsorbed and absolute activities. Raman 
studies of in vitro glucose monitoring with bioconjugate nanoshells are then performed to 
evaluate the sensitivity to reactant, adsorbate and product species. The next step is to embed 
nanoshells into glucose permeable hydrogels such as polyethylene glycol diacrylate (PEGDA), 
polyvinyl alcohol or alginate, adapting a known technique or chemical protocol for embedding 
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spheres in hydrogels. In vivo demonstration of the biosensing system may include Raman studies 
of diabetic and non-diabetic rats with subcutaneously implanted nanoshell-based sensors and 
correlation of the optically measured glucose levels with traditionally measured blood glucose 
levels. For example, a group of SDD (genetically diabetic) rats may be injected subcutaneously, 
at a site in the body where glucose sensing is desired, with an appropriate quantity of suitably 
designed nanoshells in a non-interfering pharmacologically acceptable carrier. Alternatively, the 
injectate could comprise hydrogel forming material such as 0.1 ml of 20% w/v PEGDA with 1 
|im eosin Y in sterile physiological saline containing bioconjugate nanoshells. The conjugated 
biomolecule could be one that interacts with glucose in such a way that a Raman active spectral 
feature is provided. A suitable Raman active reporter molecule could be employed, if desired. 
After injection of the hydrogel precursors, rapid photopolymerization (<5 sec) is achieved in situ 
by exposure to light from a Xe arc lamp. This process can be safely carried out in direct contact 
with cells and tissues without observable damage. Subsequently (e.g., beginning on the third 
post-operative day), measurement of the glucose level at the site of hydrogel implantation is 
made by Raman spectroscopy. Simultaneously, blood may be withdrawn from each animal for 
monitoring of blood glucose level by conventional techniques. The Raman signal is correlated to 
a glucose level and can be confirmed by comparison to the blood glucose level in the diabetic 
and normoglycemic rats obtained using conventional techniques. 

Although a direct glucose sensing method and a method employing bioconjugation of 
glucose oxidase enzyme for glucose sensing are described in the foregoing example, one can 
readily appreciate that other chemicals or analytes may be monitored similarly and other proteins 
or biomolecules may be similarly adsorbed to other nanoshells with suitable core : shell design 
and optical properties. The present example describes preferred in vivo biosensing techniques 
employing near-infrared range radiation. Although less preferred than near-infrared range 
excitation and detection methods, for many applications visible or UV range radiation may be 
used instead, along with appropriately designed nanoshells that demonstrate SERS in the visible 
or UV range, and can provide satisfactory spectroscopic measurements. 
Example 5. Nanoshell-based Immunosorbant Assays (NISA) 

Bioconjugate nanoshells are expected to contribute significantly to the streamlining of a 
variety of immunoassay processes. Nanoshell-based immunosorbant assays provide all-optical 
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bioassays that can be used to replace ELISA-type assays, for example. The analytical technique 
of enzyme-linked immunoadsorbant assay (ELISA) and related techniques are now the most 
widely known immunoassays. A vast number of commercial ELISA-based assays are available 
for detection of antibodies (autoantibodies, antiviral or antibacterial antibodies) or antigens 
(serum proteins, cytokines, hormones, drugs, etc.) (M.A. Kerr, et al., eds. Immunochemistry 
Labfax BIOS Scientific Publishers, Ltd., Oxford, U.K. 1994). They allow detection of antibodies 
or antigens with considerable accuracy and sensitivity. The stages of a conventional ELISA 
procedure generally include initially adsorbing an antibody onto a solid support. Upon incubation 
with a plasma sample an antibody-target protein complex is formed. The final sandwich 
immunoassay complex typically includes an indicator enzyme that permits optical measurements 
of the antigen concentration. These assays are usually carried out in flat-bottomed microtitration 
well strips or plates and require several hours to perform. Since the final detection involves 
monitoring of an optical signal (usually a color change or fluorescence of the final sandwich 
complex) this places certain constraints on sample preparation. For instance, the solution must 
be highly transparent in the visible region where the color change would be detected. Because 
cell membrane interferes with protein adsorption in the assay, the samples need to be acellular, so 
blood samples must be processed to plasma. Conventional ELISA-type techniques tend to be 
highly time-consuming, and are therefore underutilized in the clinical setting, where long time 
delays in obtaining test results are problematic. 

In a nanoshell-modified ELISA process, for example, instead of attaching the initial 
antibodies to a macroscopic support, they are instead directly linked to suitably designed 
nanoshells, as shown in Figure 8A. Figure 8A is a conceptual illustration of an antibody- 
nanoshell conjugate prior to assay. As in the case of the glucose sensor described above, the 
nanoshells are fabricated such that their plasmon resonance corresponds to the Raman near- 
infrared excitation wavelength, providing SERS enhancements to the resulting spectra. This 
permits analysis and/or detection in samples of whole blood. The bioconjugated nanoshells are 
prepared with precisely known concentrations of specific active antibody species attached to their 
surfaces, quantified using a binding assay with a BCA assay. These bioconjugated nanoshells are 
then added to a fluid sample containing the analyte, forming antibody-target protein complexes 
as shown in Figure 8B. Both before and after the analyte has bound to the antibodies, the Raman 
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spectra under near infrared excitation is monitored. Both of these stages are expected to yield 
SERS-enhanced Raman signals and present the opportunity for quantitative analysis. Figure 8C 
shows a nanoshell analog of a sandwich immunoassay, i.e., attachment of a conjugated antibody 
to the antibody-target protein complex. When nanoshells are employed, the "sandwich" step is 
nonessential, yet provides redundancy of information that may be particularly useful for 
confirmation or calibration of a technique. Biosensing with nanoshells may be accomplished 
with any of the configurations depicted in Figures 8A-C. 

Another type of nanoshell-based in vitro immunoassay includes conjugating a complex 
mixture of biomolecules to a nanoshell surface. The biomolecule mixture contains a specific 
antigen of interest. An appropriate antibody having affinity for binding to the antigen is then 
used as a probe for the presence of the antigen-antibody complex by SERS. The antibody is 
labeled with a reporter molecule or dye that exhibits a large Raman cross-section, such as 
dimethylaminoazobenzene (DAB) or rhodamine. 

As in the case of in vivo sensing of biological analytes, there are also significant 
advantages in using near infrared Raman spectroscopy for in vitro assay techniques. In protein 
adsorption based assays, cells interfere with the desired binding and produce erratic responses. 
This necessitates extra time-consuming separation and purification steps in sample preparation 
prior to the bioassay. A near infrared Raman-based bioassay probes these samples in a spectral 
region of high transmissivity, eliminating much of the need for time-consuming sample 
preparation. 

Example 6: Non-interference of Plasma Proteins in Nanoshell SERS 

One important advantage of employing nanoshell SERS for in vitro assays is that 
interference with the near-IR SERS signal due to extraneous proteins in the biological sample 
can be avoided by employing appropriately designed nanoshells or conjugated nanoshells. This 
was demonstrated by subjecting samples of dimethylaminoazobenzene labeled-IgG (DAB-IgG) 
conjugated nanoshells suspended in either phosphate buffered saline (PBS), fetal bovine serum 
(FBS), or whole blood to near-infrared radiation using a 1064 nm Nd:YAG (pulse) laser system. 
The near-infrared SERS signal of each sample was measured and the results are shown in Figures 
9A-C. Figure 9A shows the measured Raman intensity vs Raman shift (cm" 1 ) for the sample 
suspended in PBS. Figures 9B and 9C show the results obtained with like samples of DAB-IgG 
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conjugated nanoshells suspended in FBS and whole blood, respectively. It was observed that 
serum proteins do not interfere with the near-IR SERS signal (Figure 9B) and that very little 
attenuation of the signal was observed in whole blood (Figure 9C). The nanoshells had an 
approximately 200 nm diameter SiC>2 core, an approximately 10 nm thick gold shell and a 
diameter of about 110 nm (SD ± about 10%). The maximum absorbance wavelength of one 
group of Ag/SiC>2 particles was optically tuned to approximately match the 1064 nm (peak) laser 
wavelength (± 10-15 nm, preferably no more than about 10 nm off peak). Conjugation of the 
DAB-Ig was accomplished using a procedure similar to that described above for conjugating 
glucose oxidase to nanoshells. 

The Raman spectroscopy based in vitro bioassay will allow very rapid quantification of 
plasma proteins including antibodies (such as anti-viral or anti-bacterial antibodies), cytokines or 
drugs. This technique is expected to be significantly simpler than conventional bioassays such as 
the ELISA or radioimmunoassay. In this new kind of bioassay, whole blood (either in a smear 
from a single drop or in a test tube) is incubated with the appropriate bioconjugate nanoshells, 
then immediately analyzed via Raman spectroscopy. Accurate bioassay results may be obtained 
in minutes rather than, typically, 24-48 hours. Although initial attachment of an antibody to the 
nanoshells is described in the foregoing example, in many alternative immunoassays an antigen 
instead of an antibody may be linked to the nanoshell initially. 

While the preferred embodiments of the invention have been shown and described, 
modifications thereof can be made by one skilled in the art without departing from the spirit and 
teachings of the invention. The embodiments described herein are exemplary only, and are not 
intended to be limiting. Many variations and modifications of the invention disclosed herein are 
possible and are within the scope of the invention. Accordingly, the scope of protection is not 
limited by the description set out above, but is limited only by the claims which follow, that 
scope including all equivalents of the subject matter of the claims. The disclosures of all patents, 
patent documents, and publications cited herein are incorporated by reference to the extent that 
they describe pertinent materials or methods not explicitly set forth herein. 
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